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Enhanced cooling via forced convection using cryogenic liquid is an option for controlling grain growth in the heat afected
zone (HAZ) of ferritic stainless steel welds which improves joint strength. However, this technique seems to alter the martensite
distribution in the high-temperature heat afected zone (HTHAZ) which is a critical constituent in rating the susceptibility to
sensitization in ferritic stainless steel grades; any such information is not available in the literature.hus, it is imperative to establish
the inluence of cryogenic cooling on sensitization dynamics in theHTHAZ.his paper discusses the inluence of cryogenic cooling
on sensitization in an AISI 430 ferritic stainless steel weld. It is established that cryogenic cooling increases the cooling rate in the
HTHAZ and reduces the martensite volume percent by an average of 20%. his reduction in martensite content in the HTHAZ
increases the level of ditched structure in cryogenically cooled welds and yields more ferrite-martensite ditched grain boundaries
than in conventional welds. Although the cryotreated welds exhibit greater ditched boundary, the structure is still classiied as
nonsensitized, since no single grain boundary is completely surrounded by ditches.
1. Introduction
Ferritic stainless steels are credited with better stress cor-
rosion cracking resistance as well as superior resistance
to pitting and crevice corrosion in chloride environment
than the austenitic varieties [1–3]. hey also have additional
property advantages over the austenitics in such areas as
improved machinability, higher thermal conductivity, and
lower thermal expansion [4]. hese grades provide a cost
saving of approximately one-half of one percent over the
austenitic grades and are, as such, attractive alternatives
to the austenitics [5]. he ferritics are, however, hitherto
rarely used in engineering application because welding is
known to reduce their toughness and ductility [6]. his is
more pronounced in the irst generation ferritics like the
medium chromium ferritic grade containing a maximum of
0.12 wt.% carbon and 15–18wt.% chromium.he reduction in
the properties is attributed to intense grain coarsening in the
weld section caused by the heat input and cooling dynamics
during the welding process. he reduction in ductility and
toughness in the ferritic stainless steel weld is aggravated
by the loss in corrosion resistance in regions around the
weld section, particularly those adjacent to theweld interface,
referred to as the HTHAZ which have been heated to
temperatures in the region of 950∘C during the weld thermal
cycle [4]. he ferritic stainless steel weld in this condition is
said to be sensitized and represents a state in which the steel is
greatly susceptible to intergranular corrosion and eventually
stress corrosion cracking [7–10]. his condition is due to the
presence of chromium depleted zones at the grain boundary
[9].
Diferent welding techniques have been adopted to con-
trol grain coarsening in ferritic stainless steel welds with the
focus of controlling the heat input and its transfer dynamics
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during the welding process [11]. In furtherance of this efort,
Amuda and Mridha [12] reported the adoption of cryogenic
cooling via enhanced convective low of liquid nitrogen
for the control of the grain structure of AISI 430 ferritic
stainless steel welds. he study indicated that cryogenic
weld cooling can achieve up to 40% grain reinement in
the weld section. However, the study on the inluence of
this strategy on sensitization in the ferritic stainless steel
weld is yet to be undertaken. he use of cryogenic cooling
probably alters the martensite content in the HTHAZ which
is a critical constituent in determining the susceptibility to
sensitization in ferritic stainless steel grades [4, 13].herefore,
in the present paper, an exploratory study of the inluence of
cryogenic cooling on the sensitization behaviour in medium
chromium ferritic stainless steel welds corresponding to the
commercial grade AISI 430 is reported. It is expected that
the current efort will provide an insight into the efect
of enhanced convection cooling on the susceptibility to
intergranular corrosion in the weld of this grade of ferritic
stainless steel.
2. Materials and Method
Annealed cold-rolled plates, 1.5mm thick, were cut from a
1m × 1m AISI 430 ferritic stainless steel plate into required
test dimensions of size 65mm × 25mm using a Sunluid
hydraulic shearing machine, model 300D/10. he chemical
composition of the base metal provided by the supplier and
complemented with energy dispersive X-ray luorescence
spectroscopy is given in Table 1. he Kaltenhauser ferrite
factor (KFF), calculated from (1), is also included in the table.
he factor gives a range of numerical values for the likelihood
of sensitization in diferent grades of ferritic stainless steel
[14]:
KFF = Cr + 6Si + 8Ti + 4Mo + 2Al
− 40 ((C +N) − 2Mn − 4Ni)wt.%.
(1)
In order to examine the inluence of enhanced convection
via cryogenic cooling on themicrostructure and sensitization
resistance of the HTHAZ adjacent to the weld interface
three diferent heat input conditions were considered at a
welding current of 90A and welding speeds of 1, 2.5, and
3.5mm/s, respectively, using a constant arc voltage of 30V.
Two streams of weld trackswere produced; one group of track
was produced on samples exposed to direct liquid nitrogen
ater welding while the other stream produced and cooled
under normal condition served as the control weld tracks
for the investigation. hus, a total of six weld samples were
produced. he melting conditions used for the investigation
are provided in Table 2.
Direct current negative polarity for the electrode with
argon shielding at a low rate of 0.72 L/min was used. he
electrode negative polarity adopted focused most of the
welding heat into the workpiece and restricted the electrode
heating thereby minimizing heat losses through the tungsten
Table 1: Chemical composition of AISI 430 ferritic stainless steel (%
by mass, balance Fe).
Material spec.
Composition
KFF
C Cr Si Mn P S
AISI 430 0.12 16.19 0.75 1.0 0.04 0.30 14.7
Table 2: Melting conditions.
Process
DCEN straight polarity full bead
on plate penetration GTA weld
Position Flat
Melting conditions
Current 90A
Voltage 30V
Speed 1, 2.5, 3.5mm/s
Arc length 1.5mm
Torch orientation Vertical
Electrode coniguration
2.44mmW-2 pct. h., 60∘ cone
included angle
Electrode stick-out 3mm
Cryogenic coolant Liquid nitrogen
Shielding environment
99.9% argon at a low rate of
0.72 L/min
electrode. he actual heat input into the workpiece was
calculated using (2) proposed by Easterling [15]:
HI = ���
]
, (2)
where � = eiciency, � = current in A, � = voltage, and ] =
welding speed in mm/s.
Transverse samples for metallographic analysis and sen-
sitization test were wire-cut from the weld specimen using
electric discharge machining (EDM). he samples were
ground to 1000 grit size and polished to mirror inish
using 1�m alpha agglomerated alumina suspension paste.
Sensitization was evaluated using 10% oxalic acid electrolyte
as described in practice W, ASTM A763-93 [16]; the samples
were subsequently examined under Nikon Epiphot model
200Metallurgical Microscope incorporated with image anal-
ysis sotware to determine the volume fraction of martensite
in each weld.
he time required for a point on the weld interface to cool
from 1500∘ to 800∘C, Δ�15/8, was calculated from (3) based on
Rosenthal conduction heat low model for thin plates [17]:
Δ�15/8 =
(�/])2
4�����2�2
, (3)
where � is the heat lux (�), � is thermal conductivity of AISI
430 ferritic stainless steel (J/s/m/∘C), �� is the speciic heat
capacity per unit volume (J/m3/∘C), � is the thickness of the
material (mm), and �2 is the dimensionless thermal gradient
associated with the process.
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Figure 1: Vertical section of the Fe–Cr–C-ternary diagram at
17 wt.% Cr [4].
he cooling time was then used to estimate the cooling
rate (��) experienced by that point of the HTHAZ with the
following equation:
��15/8 =
700
Δ�15/8
. (4)
he 1500∘–800∘C temperature range represents the interval
from the liquidus point to points just below the austenite
phase ield, as shown in Figure 1; thus, it includes the range
for the solid state transformation of �-ferrite to austenite.
3. Results and Discussion
he compositional analysis of the ferritic stainless steel
material stated in Table 1 shows that the material belongs
to medium chromium grade with 0.12 wt.% carbon. he
vertical section of the Fe–Cr–C ternary diagram for this grade
of ferritic stainless steel, shown in Figure 1, indicates that,
with 0.12 wt.% C, under equilibrium cooling, the steel will
transform partially to austenite from the �5 temperature,
passing through the � + � dual phase region until the
austenite transformation temperature (��) is reached. Beyond
this temperature, the austenite transforms to ferrite. his
ambient temperature ferrite is supersaturated in carbon;
therefore, the excess carbon is precipitated as chromium
carbide which promotes intergranular corrosion when in
hostile environment [4]. However, in fusion welding, the
cooling sequence is far-of of equilibrium mechanism; it
involves very rapid cooling rates.
herefore, any austenite formed on cooling through the
�+� dual phase region transforms tomartensite below the��
temperature, shown in Figure 2, which illustrates the typical
cooling sequence from �-ferrite to � in the HTHAZ. Path aa
in the igure approximates the cooling sequence in a welding
process while bb represents that in equilibrium cooling.
Consequently, the microstructure of the HTHAZ closest to
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Figure 2: Continuous cooling transformation of �-ferrite to � in the
HTHAZ during weld thermal cycle [18].
the weld interface consists of ferrite matrix surrounded by
a network of grain boundary martensite. he KFF value as
calculated from (1) and listed in Table 1 equally predicts the
presence of martensite in the HTHAZ on cooling to lower
temperature.
he optical microstructure of the HTHAZ of the weld
section is shown in Figure 3. he igure reveals two-phase
ferrite matrix networked by grain boundary martensite. he
martensite formed from the elevated temperature austenite
acts as carbon sinks, taking signiicant amount of carbon into
solution. However, the amount of carbon retained in solution
in ferrite depends on the volume percent of martensite which
is determined by the heat input and cooling rates.
he martensite content in the HTHAZ of the welds was
measured using point counting technique and the result is
shown in Figure 4. he igure reveals that the martensite
content in the zone increases as the heat input increases.
However, cryogenic weld cooling leads to a reduction in the
martensite content. he increase in the martensite content
with increase in heat input is due to the reduction in
cooling rate associated with higher heat input particularly at
1290 J/mm which allows longer time at the � + � dual phase
region. his encourages the formation of more elevated tem-
perature austenite which eventually transforms to martensite
once the �� temperature is crossed [19]. his postulation
has equally been reported by Glover et al. [20] as being
responsible for the presence of more martensite in the weld
metal during cooling from elevated temperature.
On the contrary, with cryogenic weld cooling, the cooling
rate increased not from reduction in the heat input but due to
the convective efect of the liquid nitrogenwhich shortens the
time spent in the dual phase region and inhibits the trans-
formation of delta-ferrite to austenite. he reduction in the
amount of elevated temperature austenite correspondingly
leads to a reduction by about 20% in the martensite content
in the HTHAZ, irrespective of the heat input.
he inluence of heat input and cryogenic cooling on the
cooling rate experienced by theHTHAZ is shown in Figure 5.
he igure demonstrates that as the heat input increases
the cooling rate decreases. he igure equally shows that, at
the same level of heat input, cryocooled welds experience
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(C)
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(A)
Figure 3: Optical microstructure of the HTHAZ of the weld section
(A-�-ferrite, B-�-ferrite, and C-martensite).
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Figure 4: Martensite content in HTHAZ of the welds as a function
of heat input and cooling conditions.
higher cooling rates, almost two-fold that of the conventional
welds. his will, obviously, inluence the transformation in
the dual phase region and account for the relative change
in the martensite content shown in Figure 4. However, the
wide diference between the cooling rates experienced by the
cryogenically cooled welds and conventional welds reduces
as the heat input increases and drops to around 100∘C/min at
1296 J/mm.
But this convergence of cooling rates at 1296 J/mm does
not seem to have any signiicant efect on the volume of
martensite in the HTHAZ at this particular heat input.
he etched structures in oxalic acid electrolytic test
method are classiied in Practice W, ASTM A763-93 as
either acceptable or unacceptable, depending on the state
of the grain boundary. he detail of the classiication is
summarized in Table 3. his classiication is used to screen
the etched microstructure in the HTHAZ of the weld section
for susceptibility to intergranular attack.
he microstructures of the HTHAZs at various con-
ditions of heat input without and with cryogenic cooling,
etched electrolytically in 10% oxalic acid at 6V for 60 s,
are presented in Figures 6 and 7, respectively. he etched
microstructures of Figure 6 show partial and discontinuous
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Figure 5: Combined efect of heat input and cooling conditions
on the cooling rate from 1500 to 800∘C at a point in the HTHAZ
adjacent to the weld interface.
Table 3: Classiication of etched structure in oxalic acid electrolytic
etch [16].
Classiication State of the microstructure
Acceptable
(i) Step structure: step only between
grains, no ditches at the grain
boundary
(ii) Dual structure: some ditches at the
grain boundary in addition to steps;
however, no single grain is completely
surrounded by ditches
Unacceptable
Ditch structure: one or more grains are
completely surrounded by ditches
ditches at the grain boundaries. However as the heat input
increases fewer grain boundaries exhibit ditched structure. At
432 J/mm, about 37% of the grain boundary is ditched and
this reduces to less than 20% at 1290 J/mm. Furthermore, the
ditches occur on the ferrite-ferrite grain boundary, whereas
intermittent attack is apparent on the ferrite-martensite
interface.
Figure 7 shows that, in cryogenically cooled welds, more
grain boundaries are ditched for the same level of heat
input relative to conventional welds. he ditched grain
boundary increases in these welds from 21% to 65% at
432 and 1296 J/mm, respectively. More signiicant is the
observation that more ditches occur on the ferrite-martensite
grain boundaries than in conventional welds. he arrow
in the microstructures points to the ditched boundaries in
the two welds. he microstructure is generally acceptable
based on the ASTM Standard A763-93 since no single grain
is completely surrounded by ditches as classiied by the
conditions listed inTable 3, although the cryogenically cooled
welds present higher level of ditches relative to those of
conventional welds.
he degree of ditching observed in this study is a function
of the metallurgical phase balance in the HTHAZ due to
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200�m
(a) 423 J/mm
200�m
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200�m
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Figure 6: Microstructure of HTHAZ of conventional weld etched
electrolytically in 10% oxalic acid.
the inluence of the heat input aswell as the cooling dynamics.
At very low heat input as shown in Figure 5, the cooling rate is
high (in the hundreds per minute), the time spent in the dual
phase region is short and this reduces the volume fraction of
austenite that is formed at elevated temperature.
herefore, the amount of martensite in the ambient
temperature microstructure correspondingly reduces. he
resulting ferritic microstructure becomes supersaturated in
carbon. he excess carbon in the ferrite is eventually pre-
cipitated as chromium carbide essentially on the ferrite-
ferrite grain boundary than on the ferrite-martensite grain
boundary.
However, as the heat input increases, the cooling rate
reduces; this permits transformation within the � + � dual
200�m
(a) 423 J/mm
200�m
(b) 518 J/mm
200�m
(c) 1296 J/mm
Figure 7: Microstructure of the HTHAZ of cryocooled weld etched
electrolytically in 10% oxalic acid.
phase region and more austenite is formed in the HTHAZ.
he austenite absorbs the excess carbon and transforms
to martensite at temperatures lower than the Ms point
(Figure 2) which is retained down to ambient condition as
grain boundarymartensite networkwithin a ferriticHTHAZ.
his martensite prevents the development of a continuous
network of chromium depleted zone in the microstructure.
In addition, slower cooling ater welding at higher heat input
permits the ferrite phase to desensitize through the difusion
of chromium from the interior into any chromium depleted
zone [10]. his probably explains the low level of ditched
structure observed in the weld made at 1296 J/mm. However,
with cryogenic cooling, the cooling rate is about twice that
6 International Journal of Corrosion
of conventional welds; and this almost suppresses austenite
nucleation and growth as the HTHAZ cools through the �+�
dual phase ield leading to low volume percent of room tem-
peraturemartensite.his is apparent in Figure 7 which shows
a thin network of martensite unlike the network in Figure 6.
he low volume percent and thin network of martensite
in cryotreated welds encourage higher supersaturation of
carbon in the ferrite phase and formation of chromium
carbide resulting in chromium depletion and greater ditched
structure in the HTHAZ. Furthermore, the high cooling rate
associated with cryogenic cooling also prevents the back-
difusion of chromium to the depleted regions adjacent to the
chromium-rich carbides. hus, the level of ditched structure
in cryotreated welds is higher than in conventional welds for
the same comparative level of heat input.
4. Conclusions
An exploratory study on the inluence of cryogenic cooling
on the sensitization behaviour in medium chromium ferritic
stainless welds has been undertaken. he study established
the following.
(i) Low heat input welding condition inhibits austenite
formation and encourages the formation of largely
ferritic microstructure in the HTHAZ which is prone
to chromium carbide precipitation due to supersatu-
ration of carbon in ferrite.
(ii) Martensite content in the HTHAZ region is very
critical in evaluating the sensitization behaviour in
ferritic stainless steel weld. he HTHAZ with higher
martensite content exhibits low level of ditched struc-
ture.
(iii) he almost two-fold multiple in cooling rate asso-
ciated with cryogenic cooling for the same level
of heat input restricts the phase transformation
within the dual phase region, producing very thin
network of martensite. his condition also pre-
vents self-desensitization by inhibiting the difusion
of chromium from the grains interior into any
chromium depleted zones. he cryotreated welds
invariably exhibit greater ditched structure than con-
ventional welds.
(iv) hough the welds are ditched to diferent levels, the
structure is generally classiied as not sensitized since
no single grain is completely surrounded by ditches.
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